Extensive ab initio double zeta basis set configuration interaction calculations have been carried out on the n1r• and 7r7r 0 states of pyrazine as well as on the low-lying n and 1r cations. The calculations corroborate the validity of the valence bond (VB) model for the interaction of lone pair excitations proposed earlier by Wadt and Goddard. Good agreement (errors of ~0.2 eV) with experiment is obtained (except for the higher-lying 1 7r7r 0 states that possess significant ionic character). The calculations indicate that the order of increasing ionization potentials is 2 Ag(n), 2B 1 g(7r), 2
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I. INTRODUCTION
The electronic structure of the low-lying states of pyrazine has provided a very fruitful area of research for spectroscopists and theoreticians alike. Not only are the benzenelike rr-rr* transitions perturbed by the presence of the nitrogens, but they are also interspersed with new n-rr* transitions arising from the nonbonding (or lone pair) orbitals on the nitrogen. Moreover, the presence of two nitrogens in pyrazine leads to interactions between the nrr* states arising from excitation out of the two different nonbonding orbitals.
Recently we proposed a model for describing the interaction of the lone pair excitations in terms of simple valence bond (VB) ideas. 1 Extensive configuration interaction (CI) calculations using a minimal basis set (MBS) were carried out to test the VB model. The results show that the VB model provides a more accurate picture of the nrr* states (and then cations) than the molecular orbital (MO) model.
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The MBS CI calculations led to good agreement with experimental exictation energies (± 0. 2 eV) for the lowest1•3 nrr* states and the two n cations. 1 However, the calculated excitation energies to many rrrr* states, the cations, and the lowest Rydberg states were high by 0. 5-2.5 eV. 1 • 3 The high energies of the rr cations were clearly caused by the inflexibility of the MBS. The atomic scaling of the MBS led to a orbitals that were too diffuse, so that the rr orbitals were not properly shielded by the a core. On the other hand, some of the rrrr* states are known to have significant ionic character from CI studies on benzene. 4 Thus, these states involve orbitals much more diffuse than the normal valence orbitals. Consequently, calculations employing a more flexible double zeta (DZ) basis were warranted. The results of extensive DZ CI calculations on the low-lying nrr*, rrrr*, and cationic states of pyrazine are reported in this paper.
A brief review of the VB model is presented in the next section for purposes of interpreting the results of the calculations. 
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Since the nitrogens are well separated (2. 79 A), one would expect the overlap of the nonbonding orbitals to be small and positive, leading to the 2 B 1 ., state slightly below the 2 A 11 • (In fact, the overlap of the atomic sp hybrid nonbonding orbitals is 0. 016.) However, the effect on the atomic n orbitals induced by the presence of the a and rr electrons in pyrazine must be taken into account.
Upon solving for the optimal wavefunctions [designated as generalized valence bond (GVB)] of the form shown schematically in Diagram 2, the most important effect is that induced by the Pauli principle. Because of the Pauli principle, there is a repulsive interaction between the nonbonding orbitals and the a and rr bonding orbitals. Therefore, for the optimal wavefunction, the nonbonding orbitals (singly-and doubly-occupied) build in nodal planes as shown in Diagram 3 in order to become'· orthogonal (Pauli principle) to the ace and acN bonding pairs: The resulting delocalization of the n orbitals is slight, but the number and position of the nodal planes (cf. Diagram 3) lead to a significant decrease inS"'"". In
Copyright© 1976 American Institute of Physics fact, simple orthogonalization of atomic nonbonding orbitals to a symmetric u core produces nonbonding orbitals with an overlap of-0.106. Using (1), the Pauliinduced orthogonalization of the nonbonding orbitals leads to a reversal in the ordering of the n cation states ~A, below 2 B 1 u) as well as a large increase in the expected splitting energy.
For the mr* excited states we must consider the 7T electrons explicitly. In the ground state the 1r electrons may be coupled into the two VB Kekule structures Since the 7T* orbitals are quite delocalized, the splitting energy of the n1T* states is expected to be only slightly smaller than that of then cations. Moreover, the overlap of the 7T* orbitals may be shown to be positive 1 so that AE is negative and the B 3 , states are expected to be below the B 21 states.
Finally, the unpaired nonbonding and 7T* orbitals may be coupled into a singlet or a triplet, the energies of which are given by
where K = (n7T* l.n7T*) is the two-electron exchange integral between the unpaired n and 7T* orbitals. Since K is positive, the triplet state is lower than the singlet. Increasing the size of K lowers the energy of the 3 n7r* state, while decreasing the size of K lowers the energy of the 1 n7T* state. Therefore, configurations 5b and 5c with the 7T* orbital on the ortho carbon are favored for the triplet, while 5a with the 1r* orbital on the para nitrogen is favored for the singlet. In fact, to increase further the size of K for the 3 n1r* state, the following ionic configurations are expected to contribute significantly to the VB wavefunction:
Ill. CALCULATIONAL DETAILS
A. Basis set and geometry
As before, 1 all calculations were performed using the experimental geometry determined by Wheatley, 7 except that the CH bond lengths were taken to be 1. 09 · A instead of 1. 05 A, in line with the electron diffraction studies. 8 The basis set employed for all the calculations was Dunning's 9 • 10 double zeta quality [3s, 2p/ 2s] contraction of Huzinaga's 11 (9s, 5p/4s) set of primitive Gaussian basis functions (the 3s set has one 1s-like function and two 2s-like functions).
B. Wavefunctions
As discussed previously, 1 the most feasible way to describe properly then cations and n1r* states, which involve the interaction of two n equivalent excitations, is by CI calculations. The procedures for constructing good quality CI wavefunctions developed in the MBS calculations 1 will be used without significant alteration. The specifics are outlined below.
Localization of the n orbitals
All the CI calculations on the neutral excited states are carried out using the ground state Hartree-Fock (HF) orbitals, while the appropriate HF cation orbitals are used for the CI calculations on the n and 1r cations. To facilitate the CI calculations, the occupied orbital space is partitioned into n and u orbitals 12 by performing open-shell HF calculations with a fully convergent SCF program 13 on the 2 n, 1 n7T*, and 3 n7r* states, allowing the symmetry to be reduced to C 2 u. The singly occupied nonbonding orbital is uniquely defined in each of the three wavefunctions. As shown by the contour plots in Fig. 1 and the Mulliken populations in Table I,   TABLE I . Mulliken populations for the singly occupied n orbital. 1 Since all three nonbonding orbitals are so similar, we chose one, the 3 mr* orbital, to partition the HF space into n and a orbitals.
Taking the localized n orbital, symmetry functions, n+ and n., were formed and projected onto the doubly occupied HF orbitals for the
, and 2 B 21 states. The remaining a orbitals were orthogonalized to then orbitals. In this manner, the HF-occupied space was partitioned into nand a orbitals.
Partitioning of virtual 1r space
In the MBS calculations, we performed full CI calculations among the two n and six rr orbitals, finding that the three unoccupied ground state rr orbitals are very important (and effective) for correlating the rr electrons, leading to a CI energy lowering of 2. 49 eV in the ground state.
1 In order to minimize the number of configurations required for the DZ CI calculations, it is necessary to extract from the set of nine virtual rr orbitals the three that would most effectively correlate the rr electrons. Assuming that the appropriate functions would be similar in character to the MBS rr virtuals, we took a set of atomic-scaled DZ Px functions on each carbon and nitrogen, constructed the three symmetry functions with two or three nodes (apart from the node in the molecular plane), and orthogonalized them to the occupied HF rr orbitals for the ground state or appropriate cation. The effectiveness of this procedure is borne out by a full rr CI on the ground state, which led to a CI energy lowering of 2. 34 eV, comparable to that of the MBS calculation. The remaining six DZ rr virtuals were orthogonalized to the six "MBS" rr orbitals.
In one set of CI calculations [MBS (a) POL (1) CI] we have included 20 additional functions of a symmetry. These included the ten molecular orbitals describing the CH, CN, and CC bonds plus ten virtual orbitals. The ten virtual functions were constructed by combining D Z atomic orbitals to mimic the a virtuals in the MBS calculations. 11 ) , we included the dominant configuration for the lowest state of each symmetry plus the configuration that allows the lone pair excitation to localize. 1 • 16 Then all single excitations from the localizing configuration that lead back to the symmetry of the dominant configuration are included. These configurations, which are double excitations relative to the dominant configuration, have the next largest coefficients in the GVB CI wavefunction. Finally, we include the localizing configuration for each of these double excitations. The result is eight parent configurations for each symmetry.
Cl calculations
IV. RESULTS
A. n and 1r cations
The DZ and MBS SCF results for the four lowest ionization potentials are compared in Table II . The flexible DZ basis leads to decreases of 1. 2 and 2. 0 eV for the n and rr ionization potentials, respectively, which implies that the atomic scaling of the MBS was not appropriate for the cations. On the other hand, the effect of allowing the lon~ pair ionization to localize on one nitrogen is comparable in both basis sets. The resulting significant decrease in energy (0. 81 and 0. 93 eV for the MBS and DZ bases, respectively) verifies the validity of the VB description of then cations as resonant and antiresonant combinations of localized ionizations.
The D Z and MBS CI results are shown in Table III . The GVB CI calculation allows the localized lone pair ionizations to interact, leading to E( 2 A,)<E( 2 B 10 ), as predicted by the VB model. The GVB CI also leads to an increase of 0. 2-0. 3 eV in the rr ionization potentials, since the six-electron rr system of the ground state has more correlation energy than five-electron rr systems of the rr cations. The DZ(rr) POL(3) CI has a negligible effect on the ionization potentials as we are employing the optimal SCF orbitals in each case. Finally, although MBS(a) POL(1) CI calculations were not carried out on the cations, the results should be comparable to those obtained in MBS calculations. 17 Therefore, we would expect the relaxation of the <T system to have a negligible effect on the rr cations, while the energies of then cations would be lowered by 0. 25-0.50 ev.
The DZ CI calculations predict the ordering of the pyrazine ionization potentials to be 2 A,(n), 2 B 1 K(rr), 2 B 10 (n), 2 B 2 K(rr). This result is in accord with our previous assignment made on the basis of the MBS CI results as well as with the assignment of Gleiter, Heilbronner, and Hornung 18 based on photoelectron band shapes. Comparison of the DZ CI results with experiment reveals that the calculated rr ionization energies are in good agreement (0.1-0. 3 eV errors), while the calculated n ionization energies are too low by -1 eV when relaxation of the <T system is taken into account. The origin of the 1 eV error in then ionization potentials is the correlation energy involving the lone pair. Extensive CI calculations on the low-lying (n-R) Rydberg states of water indicate a correlation energy of -1. 2 eV for the oxygen lone pairs. 19 Therefore, the size of the error in the n ionization energies introduced by the HF description of the nitrogen lone pair is reasonable.
B. nrr* and 1r1r* excited states
The D Z SCF and CI results are listed in Table II and IV, respectively, along with the MBS results for comparison. In addition, the number of configurations and spin eigenfunctions as well as the energy lowering for a representative set of CI calculations are given in Table V In addition, the GVB CI leads to a general increase in the nrr* excitation energies, since the correlation energy of the seven-electron rr system is less than that of the six-electron rr system within the limitations of a six-arbital (MBS) de scription. 20 The DZ(rr) POL(3) CI is equivalent to the GVB CI except that the six-orbital rr space is allowed to adjust for each excited state. (In the GVB CI the ground state rr orbitals are used in each case.) As expected, this relaxation leads to a large decrease in energy (0. 6-0. 8 eV) for the nrr* states with seven-electron rr systems and a smaller decrease (0.1-0. 2 eV) for the rrrr* states with six-electron rr systems. A large decrease (0. 9 eV) is also obtained for the double excitation (n-rr*, n -rr*) states, 2 1 A, and 3 3 B 10 , with eight-electron rr systems.
The MBS(a) POL(1) CI allows the ground state <Tor-bitals to relax in response to the n-rr* or rr-rr* excitation. The effect of the <T relaxation is minimal for the rrrr* states, which indicates that the excitations are delocalized over the system. On the other hand, the MBS(a) POL(1) Clleads to large {0. 5-l. 0 eV) decreases in the nrr* excitation energies, which arise from the polarization of the a core in response to the localized n-rr* excitations. Again the predictions of the VB model are borne out.
Since the configurations added to the GVB CI in the two POL CI's are mutually exclusive (exactly in a mathematical sense and roughly in a physical sense), one can sum the respective CI lowerings to get a reasonable estimate of the CI energies that would result if the POL CI's were carried out simultaneously. Theresults of combining the POL CI's are listed in Table V under the heading "Best Estimate." Since the effect of the MBS(a) POL(1) CI on the 7T7T* states is minimal, the DZ(rr) POL(3) CI results are used for the best estimate.
V. DISCUSSION
In the following paragraphs we will compare our best estimates for the calculated vertical excitation energies with experiment in order of increasing energy. The theoretical and experimental results are listed in Table   IV .
The calculated excitation energies of the 1 1 • 3 B 3 u{nrr*) states are in good agreement with experiment (-0. 1 eV errors). These results may seem surprising in light of the 1 eV errors encountered with the lone pair ionization potentials. However, in the nrr* states the correlation energy of the nitrogen lone pair in the ground state is balanced by that of the doubly occupied nitrogen P~ orbital in the excited state (cf. Diagrams 1 and 5), i.e., there is no net change in the number of doubly occupied orbitals; see (5) . 21 Consequently, the correlation errors cancel and accurate n1r* excitation energies are obtained.
Our calculations indicate that the 1 • 3 B 311 (nrr*) states give rise to the two lowest vertical excitation energies. However, Hochstrasser and M'l.rzzacco 22 have observed the presence of a second triple state, assigned as 1 3 B 111 (1T1T*), at -3.4-3.5 eV in the absorption spectrum of pyrazine. Our calculations place the 1 3 B 111 (rrrr*) vertical excitation energy at 4.11 eV. There is experimental and theoretical evidence that the large difference (~ 0. 5 eV) between the adiabatic and vertical excitation energies is real. First, electron and ion impact spectra of pyridine reveal a singlet-triplet transition at 4.1 ev (vertical). 23 Since the 1 1 BI(nrr*) state is not observed in these spectra, we assign the 4.1 eV feature to the 1 3 A 1 (rrrr*) state. This assignment is supported by the similar intensity distribution of the corresponding 3 rrrr* state (1 3 B 111 ) in benzene at 3. 9 eV in the electron impact spectrum. 23 b. 24 Intuitively, one would not expect the excitation energy of the this 3 rrrr* state to shift greatly in the series benzene, pyridine, pyrazine. Finally, CI calculations on benzene analogous to those employed in this work lead to 3. 87 eV for the 1 3 B 1 .,(rrrr*) vertical excitation energy in excellent agreement with experiment. 25
The recent opto-acoustic spectroscopic study of pyrazine by Robin et al. 26 indicates the presence of triplet states at -4.2 eV and -4.5 eV. On the basis of our calculations, these features were assigned to the 1 3 B 21 (nrr*) and 1 3 A 11 (nrr*) states, respectively. 26 The presence of the 1 1 A.,(nrr*) state in this region is not evident from the opto-acoustic spectrum. This negative result is not unreasonable, since any effect of the weakly absorbing symmetry-forbidden 1 1 A.,(nrr*) state will be overshadowed by the presence of the strongly absorbing 1 1 B 211 (rrrr*) state.
The small singlet-triplet splitting (< 0. 1 eV) for the 1 1 • 3 A., and 1 1 • 3 B 11 (nrr*) states is in marked contrast to that (>0. 7 eV) for the 1 1 • 3 B 311 and 1 1 • 3 B 21 (nrr*) states. In the Introduction we stated that the rr* orbital would adjust to maximize the exchange integral with the unpaired nonbonding orbital in the 3 nrr* states and adjust to minimize the exchange integral in the 1 nrr* states. The Mulliken populations (Table VI) and plots (Fig. 2) of rr* orbital from the DZ SCF calculations on the 1 • 3 nrr* states clearly manifest this effect. However, for the 1 1 • 3 A 11 and 1 1 • 3 B 11 states, the rr* orbital has a 2 symmetry (in C 2 v), i.e., a node through the nitrogens. The orbital cannot localize on the excited nitrogen to maximize the favorable exchange interaction in the triplet (nor localize on the para nitrogen to minimize the bad exchange interaction in the singlet). Thus, the very small singlet-triplet splittings of the 1 1 state. Cordes and Moomawu studied the absorption spectra of pyrazine in a strong hydrogen-bonding solvent (hexafluoroisopropanol/perfluoro-n-hexane). By varying the concentration of the alcohol, they are able to hydrogen bond to none, one or both of nitrogen lone pairs in pyrazine. The 1 : 1 pyrazine-alcohol complex possesses a lower symmetry and the transition to the 1 1 B 2 , (2 1 B 1 in C 211 ) becomes allowed. This is confirmed by the appearance of a new spectral feature -1. 5 eV above the 1 1 B 3 ., (1 1 B 1 in C 211 ) 3 nrr* states of pyrazine are actually appropriate for pyridine apart from the effect of substituting a nitrogen for the para CH group. The latter effect is expected to be small (-0. 1 eV). As pointed out before, the correlation errors tend to cancel for the nrr* states, so that the calculated excitation energies should be quite accurate.
In fact, comparison of the calculated 1 nrr* excitation energy (4. 25 eV) to the experimental energy (4. 31 eV) 27 gives good agreement and corroborates our line of reasoning. The experimental information for the lowlying triplet states is sketchy. Electron impact spectra give a firm value of 4.1 eV for the 3 A 1 (7T1T*) vertical excitation energy, 23 and assignments of very weak bands indicate the presence of another(?) triplet state at -3.7 eV. 43 • 44 The DZ SCF calculations lead to 3.63 eV for the 3 nrr* eB 1 in pyridine) state excitation energy.
The latter result would indicate that the observed transitions43•44 near 3. 7 eV correspond to 3 B 1 (nrr*). However, the adiabatic excitation energy for the 3 A 1 (rrrr*) state would be expected to be sandwiched between the corresponding 3 rrrr* transitions in benzene (3. 67 eV) 45 and pyrazine (3. 5 eV) 22 . Therefore it is not possible to make an assignment solely on the basis of energies.
Analyzing substituent effects, Hoover and Kasha 46 assigned the lowest triplet state in pyridine to 1 3 A 2 (nrr*). However, our calculations on pyrazine indicate that the 1 3 A 2 (nrr*) state is -1.5 eV higher than the 1 3 B 1 (nrr*) state by analogy to the splitting of the 1 3 B 3 u and 1 3 Au states or 1 3 B 2 , and 1 3 B 11 states in pyrazine (cf. Table  IV) . Disregarding the 1 3 A 2 (nrr*) state (for which there is no concrete experimental evidence), the arguments ofHooverandKasha 46 predict the 1 3 B 1 (nrr*)and 1 3 A 1 (rrrr*) states to be nearly degenerate at -3.6 eV, in agreement with our calculations. Perhaps the near degeneracy of these two states plays a role in the lack of phosphorescence from pyridine.
